Aims/hypothesis The stress-activated nuclear protein transcription regulator 1 (NUPR1) is induced in response to glucose and TNF-α, both of which are elevated in type 2 diabetes, and Nupr1 has been implicated in cell proliferation and apoptosis cascades. We used Nupr1 −/− mice to study the role of Nupr1 in glucose homeostasis under normal conditions and following maintenance on a high-fat diet (HFD). Methods Glucose homeostasis in vivo was determined by measuring glucose tolerance, insulin sensitivity and insulin secretion. Islet number, morphology and beta cell area were assessed by immunofluorescence and morphometric analysis, and islet cell proliferation was quantified by analysis of BrdU incorporation. Islet gene expression was measured by gene arrays and quantitative RT-PCR, and gene promoter activities were monitored by measuring luciferase activity. Results Nupr1 −/− mice had increased beta cell mass as a consequence of enhanced islet cell proliferation. Nupr1-dependent suppression of beta cell Ccna2 and Tcf19 promoter activities was identified as a mechanism through which Nupr1 may regulate beta cell cycle progression. Nupr1 −/− mice maintained on a normal diet were mildly insulin resistant, but were normoglycaemic with normal glucose tolerance because of compensatory increases in basal and glucose-induced insulin secretion. Nupr1 deletion was protective against HFD-induced obesity, insulin resistance and glucose intolerance. Conclusions/interpretation Inhibition of NUPR1 expression or activity has the potential to protect against the metabolic defects associated with obesity and type 2 diabetes.
Introduction
Nuclear protein transcription regulator 1 (NUPR1)/P8 is a stress-activated protein that was first identified in the pancreas after the onset of experimentally induced pancreatitis [1] . Upregulation of NUPR1 expression was associated with improved exocrine pancreas function [2] . The Nupr1 gene was subsequently shown to be induced in response to a variety of stressful stimuli [3] , suggesting that it is part of a general defence mechanism against cellular injury. Consistent with this defensive role, targeted disruption of the murine Nupr1 gene, though not lethal, resulted in higher mortality in the lipopolysaccharide-injection model of sepsis [4] . NUPR1 shares structural characteristics with high-mobility group (HMG) proteins: it is a nuclear helix-loop-helix protein that possesses DNA-binding properties [5] and it is involved in the molecular mechanisms regulating DNA repair, apoptosis, proliferation and development [1, 3, [6] [7] [8] [9] .
There is some evidence that Nupr1 may be involved in beta cell responses to the development of type 2 diabetes. Thus, its expression is upregulated by glucose and TNF-α [2] , both of which are elevated in type 2 diabetes [10] , and INS-1 insulinoma cells showed glucose-dependent elevations in Nupr1 gene expression [9] . The forced overexpression of Nupr1 in human islets enhanced cumulative insulin secretion in vitro and increased the insulin content of islets transplanted below the renal capsule of diabetic mice in vivo [11] , consistent with beneficial effects of Nupr1 overexpression on glycaemic control. We therefore hypothesised that Nupr1 deficiency would result in reduced beta cell mass and the progressive development of type 2 diabetes, and tested this using wild-type and Nupr1 −/− C57BL/6 mice [8] . In contrast, the Nupr1 −/− phenotype was associated with mild insulin resistance but with maintained normoglycaemia because of hyperinsulinaemia driven by increases in islet number and beta cell mass as a consequence of the loss of NUPR1-mediated repression of Ccna2 and Tcf19, genes that regulate the later stages of the cell cycle.
Methods
Materials Cell culture reagents and anti-cyclin antibody were obtained from Sigma Aldrich (Poole, UK). Molecular biology reagents were obtained from Invitrogen (Paisley, UK) and Promega (Southampton, UK). SYBR Green and BrdU proliferation kits were from Roche (Burgess Hill, UK). Antibodies against insulin, glucagon and somatostatin were from Dako UK (Ely, UK). FITC-and tetramethylrhodamine isothiocyanate (TRITC)-labelled secondary antibodies were from Jackson Immunoresearch (Newmarket, UK). Antitranscription factor 19 (TCF19) antibody was from Santa Cruz Biotechnology (Wembley, UK). Metafectene Pro was from Biontex Laboratories (Martinsried/Planegg, Germany). Non-interfering RNAs and small interfering (si)RNAs were from Thermo Scientific (Surrey, UK). Ultrasensitive mouse insulin ELISA kits were obtained from Mercodia (Uppsala, Sweden).
Generation of Nupr1-knockout mice The Nupr1 −/− mouse model was created as described previously [8] , and a colony was established at King's College London in accordance with UK Home Office standards. Mice were fed ad libitum with a standard normal-fat diet (NFD; 4% fat); for some experiments they were fed a high-fat diet (HFD; 55% fat), starting at 5 weeks of age, for 16 weeks.
Metabolic studies After i.p. administration of 2 g/kg glucose, glucose tolerance tests were performed by quantification of blood glucose concentrations with a glucose meter, and serum insulin concentrations were determined using an ultrasensitive ELISA. Insulin tolerance tests were performed following i.p. administration of insulin (0.75 U/kg body weight). Weight gain was recorded weekly until the day the mice were killed. Pancreases, perigonadal fat pads and gastrocnemius muscles were retrieved on the day the mice were killed, and were weighed.
Mouse islet isolation and maintenance Islets were isolated from 3-month-old Nupr1 −/− mice and their wild-type littermates by collagenase digestion as previously described [12] and maintained in culture for at least 24 h before use. Islet insulin and double-stranded (ds)DNA contents were quantified by RIA [13] and PicoGreen fluorescence, respectively, and the insulin per dsDNA ratios were calculated.
Immunohistochemistry and morphometric analysis Fixed pancreases were cut into 5 μm sections and morphometric analyses were performed on every tenth section throughout each pancreas. For quantification of islet size and number and alpha, beta and delta cell areas, sections were incubated with antibodies against glucagon, insulin and somatostatin, and then with FITC-and TRITC-conjugated secondary antibodies. Islet size and the area of glucagon-, insulin-and somatostatin-labelled cells on each section were quantified using ImageJ software (ImageJ 1.45: http://rsbweb.nih.gov/ ij/download.html).
Mouse islet beta cell proliferation Mouse islet cell proliferation in vivo was estimated by immunohistochemical analysis of fixed pancreases using a similar approach to that described above. Briefly, 1 mg/ml BrdU was administered to mice in drinking water for 7 days, pancreases were removed, fixed for 16 h in 4% paraformaldehyde, sectioned and analysed by double staining with guinea pig anti-insulin and mouse anti-BrdU antibodies.
Plasmids CCNA2 (encoding cyclin A2) and Tcf19 promoter activities were assessed using −3,200/+245 human CCNA2 [14] and −1,498/−1 mouse Tcf19 promoter-driven luciferase expression cloned into pGL2. The Tcf19 promoter sequence was produced by PCR amplification using a C57BL/6 mouse islet cDNA library following introduction of SacI and HindIII restriction sites. The PCR product was purified, digested, inserted into the pGL2 luciferase reporter vector and sequenced.
Experiments in which NUPR1 was overexpressed were performed using the pcDNA3.1 plasmid coding for the fulllength human NUPR1 gene, as previously reported [7] . The pcDNA3.1 expression vector encoding the full-length mouse Tcf19 gene was obtained by PCR amplification of a C57BL/6 mouse islet cDNA library and the amplicon, flanked with HindIII and EcoRI restriction sites, was purified, digested, inserted into pcDNA3.1 and sequenced.
NUPR1 knockdown in human islets Human islets were isolated from pancreases retrieved from organ donors at the King's College Hospital Islet Transplantation Unit, with appropriate ethical approval [15] . NUPR1 was downregulated by transient transfection with siRNAs (150 nmol/l) directed against human NUPR1 using previously described proteinknockdown protocols [16] . Human islets transfected with non-interfering RNAs (150 nmol/l) were used as controls.
The transfected islets were maintained in culture for 48 h, after which quantitative RT-PCR (qPCR) was carried out to confirm NUPR1 knockdown, and CCNA2 and Tcf19 mRNAs were also quantified by qPCR.
Western blotting Protein extracts (70 μg) of islets isolated from 3-month-old Nupr1 −/− mice and their wild-type littermates were fractionated by electrophoresis on 12% NuPAGE Bis-Tris mini gels, transferred to polyvinylidene difluoride membranes and immunoprobed with an anti-cyclin A antibody (1:500 dilution), or an anti-TCF19 antibody (1:200 dilution). Equal loading was confirmed by immunoprobing with an anti-glyceraldehyde-3-phosphate dehydrogenase (GAPDH) antibody (1:2,000 dilution).
MIN6 beta cell transfection For gene reporter assay studies, 5×10 6 MIN6 beta cells were transiently transfected (4 μg of DNA of interest) by electroporation using a Nucleofector II device as previously described [17] . The transfected cells were maintained in culture overnight at 37°C. Promoter activity levels were then determined by bioluminescence using luciferase assay kits, as described by the manufacturer. Promoter activity levels were normalised to β-galactosidase expression, which was obtained by co-transfecting MIN6 beta cells with pSV-β-Gal. For proliferation experiments, MIN6 beta cells were transfected twice [18] over 36 h using 250 ng DNA and a 1:1 DNA:Metafectene Pro ratio and maintained in culture for an additional 24 h at 37°C in DMEM supplemented with 2.5-25 mmol/l glucose and 10% fetal bovine serum. Cell proliferation was quantified by measuring the levels of BrdU incorporation into newly synthesised DNA, essentially as previously described [19] .
RNA isolation and qPCR Total RNA was isolated from 5×10 5 MIN6 beta cells, groups of 100-150 wild-type or Nupr1 −/− mouse islets or 150 human islets exposed to noninterfering RNAs or Nupr1 siRNAs using Qiagen RNeasy minikits. Quantifications of mRNAs encoding NUPR1, Tcf19, Ccna2 and β-actin were performed using the Roche Lightcycler LC480 system, and the expression level of each amplified gene was normalised to β-actin. The specificities of amplifications were verified by melting-curve analyses and by size characterisation of the amplification products on 2% agarose gels. The primers used in this study are shown in electronic supplementary material (ESM) Table 1 .
cRNA preparation and array hybridisation Approximately 3 μg of total RNA purified from wild-type or Nupr1 −/− mouse islets were used to prepare cDNA templates for biotinylated cRNAs production. The labelled cRNAs were produced using a T7 high-yield transcription kit according to the manufacturer's instructions, then fragmented and hybridised onto Affymetrix Mouse 430A 2.0 arrays. Statistical expression analysis between two arrays was performed using the GeneChip Operating Software from Affymetrix.
Data analysis Numerical data are expressed as means ± SEM. Student's t tests were used for statistical analysis of the differences between two groups, and the statistical significance of differences among multiple groups was determined by ANOVA followed by the Tukey honestly significant difference (HSD) test. For statistical analysis of glucose and insulin tolerance tests, the data were also expressed and compared as areas under the curves. Differences between groups were considered significant at p <0.05. tolerance to an i.p. glucose load at 3 months (Fig. 2e, g ) and 6 months (2f, h). Because no significant metabolic differences were observed between 3-and 6-month-old mice, further studies used only 3-month-old mice.
Results

Metabolic characterisation of Nupr1
Nupr1-knockout mice are hyperinsulinaemic because of increased beta cell mass Both male and female Nupr1 −/− mice were less sensitive than their wild-type littermates to i.p. administration of insulin (Fig. 3a, c) .
showed significantly lower insulin-dependent reductions in blood glucose as assessed by area under curve measurements ( Fig. 3b, d ), consistent with the development of mild insulin resistance in the absence of Nupr1. Insulin-resistant Nupr1 −/− mice remained normoglycaemic ( Fig. 2 ) by secreting more insulin, with a 40±9% increase in fasting serum insulin levels ( Fig. 4a) , and significantly higher insulin secretory responses to an i.p. glucose challenge (Fig. 4b ).
To determine whether the hyperinsulinaemia observed in Nupr1 −/− mice reflected changes in beta cell mass we examined pancreases retrieved from Nupr1 −/− mice and wild-type
littermates. There was no significant difference in pancreas weights (wild type, 385±37.5 mg; Nupr1 −/− ; 348±23.5 mg; n =10; p >0.2), but Nupr1 −/− mice showed significant increases in islet number per mm 2 pancreas (Fig. 5a ), together with increased beta cell mass (Fig. 5b, c) , giving an overall significant increase in islet area ( Table 1 ). The islet architecture was similar between Nupr1 −/− and control mice and the ratios of beta to alpha, beta to delta and alpha to delta cells did not change significantly, suggesting that the increased islet area arose from expansion of all three endocrine cell types (Table 1) . Consistent with this, the insulin content of Nupr1 n =8-10; NS). The number of BrdU-positive beta cells per islet was significantly increased in Nupr1 −/− islets (Fig. 5d, e) , resulting in a significant increase in the percentage of total beta cells labelled with BrdU (Fig. 5f ). This direct assessment of cell replication by BrdU incorporation suggests that the increased islet mass in Nupr1 −/− mice was caused by increased islet cell proliferation.
Nupr1 influences beta cell mass expansion via inhibition of Tcf19 and cyclin A expression and promoter activities To investigate the molecular mechanisms by which Nupr1 may regulate beta cell proliferation, microarray analysis was used to compare gene-expression patterns of Nupr1 −/− and wildtype mouse islets. Of the 14,000 genes and expressed sequence tags (ESTs) for which the expression levels were compared, 1,076 islet genes showed significant differences ) and 6-month-old (f, h) male (e, f) and female (g, h) mice. Data are mean ± SEM, n =8-16 in expression at p <0.0002 following Nupr1 deletion. Of these genes, 304 had expression levels altered by 1.5-fold or more and these have been grouped into sub-families according to their predicted roles in cell function (ESM Table 2 ). Given the increased islet mass with Nupr1 deletion, attention was focused on genes known to regulate the cell cycle. Messenger RNAs for cyclin A2, which has been identified as a target in the regulation of beta cell mass [20] , and TCF19, which has been implicated in regulating genes involved in the later stages of cell cycle progression [21] , emerged as possible candidates. Our array analysis indicated that Ccna2 and Tcf19 mRNAs were increased by 1.6-fold (p <0.0004) and 1.9-fold (p =0.00002), respectively, in Nupr1 −/− islets. These observations were confirmed by qPCR amplification demonstrating that Tcf19 and Ccna2 mRNA levels were significantly increased in islets isolated from Nupr1 −/− mice (Fig. 6a, b, respectively) . In addition, western blotting indicated that cyclin A and TCF19 protein levels were also elevated in islets following Nupr1 deletion (Fig. 6c) . In these experiments, densitometric quantification of immunoreactive proteins indicated that cyclin A and TCF19 expression levels were increased by 47.5±5.3% and 56.0±4.8%, respectively, in Nupr1 −/− islets (n =3, p <0.05). Furthermore, treatment of human islets with siRNAs, which induced significant knockdown of NUPR1 (64.0±16.8% reduction after 48 h), was associated with significant increases in TCF19 and CCNA2 mRNA levels (Fig. 6d, e) . Potential functional links between Nupr1, Tcf19 and Ccna2 were assessed in vitro using expression and reporter vectors in the readily transfectable MIN6 mouse beta cell line, as shown in Fig. 6f-l . MIN6 beta cells were transiently transfected either with pcDNA3.1/NUPR1 or pcDNA3.1/ Tcf19 constructs that expressed full-length forms of human NUPR1 or murine Tcf19, respectively. Overexpression of NUPR1 (Fig. 6f) reduced basal MIN6 beta cell proliferation (2.5mmol/l glucose) and suppressed glucose-dependent proliferation (12 and 25mmol/l glucose) (Fig. 6g) . In contrast, overexpression of Tcf19 (Fig. 6h) resulted in a significant stimulation of MIN6 beta cell proliferation (Fig. 6i) , which was associated with enhanced Ccna2 mRNA expression (Fig. 6j) . These data are consistent with a direct effect of Nupr1 in beta cells to suppress proliferation via the repression Islet area was quantified using ImageJ software analysis of glucagon-, insulin-and somatostatin-immunolabelled cells on multiple pancreas sections. Alpha, beta and delta cell areas and the alpha/beta, alpha/delta and beta/delta cell ratios were measured by point-counting morphometry from pancreas sections immunolabelled for insulin, glucagon and somatostatin
Data are mean ± SEM, n =4 for each genotype, analysed twice independently by two experimenters of Ccna2 and/or Tcf19 expression at the promoter level. This was confirmed using gene reporter assays in transiently transfected MIN6 beta cells in which luciferase activity was driven by CCNA2 (Fig. 6k) and Tcf19 (Fig. 6l) . Both promoter activities were reduced by 45±13.2% and 27.1±6.9%, respectively, in NUPR1-overexpressing MIN6 beta cells, and cells in which Tcf19 was overexpressed in the presence of the −3,200/+245 bp CCNA2 promoter sequence indicated that Tcf19 upregulated CCNA2 promoter activity (Fig. 6k) .
Nupr1-knockout mice are protected against metabolic consequences of an HFD As Nupr1 deletion induced an upregulation of beta cell proliferation that enabled insulinresistant Nupr1 −/− mice to maintain normal glucose homeostasis (Fig. 2) , we assessed the effects of a diabetogenic HFD (55% fat) in this mouse model. As expected, wild-type mice fed the HFD showed increased body weight compared with age-matched wild-type mice fed the NFD (4% fat). This was already evident after the first week and continued to increase throughout the 16 weeks of the dietary intervention (Fig. 7a, c) .
The weight gain of the HFD-fed wild-type animals was accompanied by increased perigonadal fat deposition (Fig. 7d) , but no change in gastrocnemius muscle mass (Fig. 7e) . The HFD induced perturbations in glucose handling in wild-type animals, with a significant increase in fasting blood glucose concentrations (Fig. 7f) , and impaired tolerance to i.p. administration of glucose (Fig. 7g, h ). Again, as expected, wild-type mice maintained on the HFD became progressively insulin resistant (Fig. 8a ) and developed hyperinsulinaemia, with significantly elevated serum insulin levels under fasting conditions (Fig. 8b ) and after i.p. injection of glucose (Fig. 8c) when compared with mice maintained on the NFD. Global deletion of Nupr1 was protective against some of the HFD-induced changes. Thus, Nupr1 −/− mice showed similar weight gains whether maintained on the NFD or the HFD, with HFD-fed Nupr1 −/− mice gaining approximately 40% less weight than HFD-fed wild-type mice at week 16 ( Fig. 7b, c) . This was associated with lower perigonadal fat accumulation by HFD-fed Nupr1 −/− compared with wildtype mice (Fig. 7d) , and no effect on gastrocnemius muscle mass (Fig. 7e) . Similarly, Nupr1 deletion was protective against HFD-induced glucose perturbations, with no significant effect on basal plasma glucose (Fig. 7f) , and no impairment of glucose tolerance (Fig. 7g, h ). Nupr1 deletion also protected against HFD-induced insulin resistance, with HFD-fed Nupr1 −/− mice being significantly more sensitive to insulin-stimulated glucose clearance than HFD-fed wildtype mice (Fig. 8a) . These data suggest that Nupr1 is involved in metabolic responses of peripheral tissues to a diet enriched in fat, such that Nupr1 deletion reduces many of the peripheral responses to chronic exposure to HFD. In contrast, HFD-fed Nupr1 −/− mice had higher serum insulin levels at fast (Fig. 8b) or after an i.p. glucose challenge (Fig. 8c ) when compared with wild-type mice maintained on an HFD, consistent with the effects of Nupr1 deletion to enhance basal and glucose-induced insulin secretion in vivo (Fig. 4b) , and to increase beta cell mass (Fig. 5) . 
Discussion
The role of Nupr1 in the exocrine pancreas has been investigated previously in the Nupr1
−/− mouse model used in the current studies. These earlier experiments demonstrated that the exocrine pancreas was not altered following Nupr1 deletion, but that acute pancreatitis was more severe in Nupr1
−/− mice [1, 22] . However, the in vivo function of Nupr1 in the regulation of glucose homeostasis and islet function has not yet been established. Experimental overexpression in vitro of Nupr1 in INS-1 beta cells and human islets was associated with enhanced proliferation and increased insulin content, respectively [11] , suggesting that Nupr1 deletion may lead to metabolic dysregulation. However, our data using the Nupr1 −/− mouse suggest that suppression of NUPR1 expression and/or activity is associated with phenotypic effects which would be predicted to be beneficial in obesity-related type 2 diabetes. Thus, Nupr1 deletion resulted in a significant increase in both total number of islets and average islet size, resulting in an overall increase in islet mass, which was associated with enhanced basal and glucose-induced insulin secretory responses. The Nupr1 −/− -associated increase in functional beta cell mass is unlikely to be a compensatory response secondary to hyperglycaemia or severe insulin resistance, as occurs during progression towards type 2 diabetes [23] [24] [25] [26] . The Nupr1 −/− mice showed normal glucose tolerance, with their mild insulin resistance being accommodated by increased insulin secretion. In addition, the increased islet mass in Nupr1 −/− mice resulted from a concomitant expansion of alpha, beta and delta cells, again suggesting a primary effect of NUPR1 on regulating islet cell proliferation rather than a compensatory expansion of beta cells in response to metabolic demand. This conclusion is further supported by our demonstration that transient overexpression of NUPR1 reduced the rate of MIN6 beta cell proliferation in parallel with inhibiting expression of the cell cycle regulators Ccna2 and Tcf19 through effects to suppress their promoter activities in beta cells. The Ccna2 gene regulates progression at both the G1/S and G2/M checkpoints of the cell cycle [27, 28] and lentiviral-mediated infection of islets to overexpress Ccna2 stimulates beta cell self-replication [20] . The TCF19 protein contains a sequence exhibiting characteristics of transcription factors and its expression is regulated in the late stages of the cell cycle [21] , consistent with it playing a regulatory role in the expression of genes necessary for cell cycle progression. It is not known how NUPR1 regulates Ccna2 and Tcf19 promoter activities, but it is unlikely to act as a direct repressor as previous reports have demonstrated that it plays important roles in coordinating protein complexes that regulate the expression of various genes involved in cell proliferation and differentiation. Thus, it stimulates the glucagon gene promoter activity through its interactions with E1A binding protein (P300), paired box gene (PAX)2A, PAX2B and PAX2 trans-activation domaininteracting protein [29] , and it promotes myogenic differentiation and inhibits cell proliferation via its interactions with myogenic differentiation 1 (MyoD), P300 and P68 [30] . Moreover, as increased Nupr1 expression has been associated with enhanced transcription of genes that are downstream of ATF-4 [31] , Nupr1 might also regulate the transcriptional effects of activating transcription factor (ATF) proteins. Thus, as both Tcf19 and Ccna2 promoter regions contain response elements for ATF proteins, P300, MyoD and/or cAMP response element-binding protein (CREB), it is possible that NUPR1 inhibits Ccna2 and Tcf19 promoter activities by modulating the association and function of these transcription factors.
Although it is mainly nuclear, NUPR1 is also expressed in the cytosol and its functions depend on its location within cells and post-translational modifications [32] . Transcriptional regulation of Nupr1 is fairly well defined, with evidence that its promoter is stimulated in response to stress via a range of transcription factors, including nuclear factor of κ light polypeptide gene enhancer in B cells 1 (NFκ-B) [33] , ATF-4 [34, 35] , SMAD proteins [36] and CCAAT/enhancer binding protein (C/EBP)α/β [7] . In contrast, very little is known about the molecular processes that control NUPR1 production at the protein level. In mesangial cells, it has been suggested that glycogen synthase kinase (GSK)3-mediated phosphorylation stabilises NUPR1, while the vasoactive peptide endothelin-1 is reported to induce cell hypertrophy by stimulating NUPR1 degradation through the ubiquitin/ proteasome system [37] . Nothing is known about Nupr1 regulation in islets, but our preliminary results suggest that the calcium/calmodulin-dependent kinase 4 (CaMK4) inhibits beta cell Nupr1 expression, as transfection of MIN6 beta cells with a constitutively active Camk4 (ΔCamk4) repressed Nupr1 promoter activity, while expression of a dominant negative construct (ΔK75ECamk4) had the opposite effect (ESM Fig. 1) . Therefore, as Camk4 promotes beta cell survival and proliferation [17, 38] , repressing Nupr1 expression via CaMK4 stimulation might be part of a transduction cascade regulating beta cell mass expansion.
The reasons for the discrepancies between our current results and earlier studies in which Nupr1 was experimentally upregulated [9, 11] are not immediately obvious, but could result from differences in experimental approaches and/or interpretation. For example, the increased Nupr1 expression observed in response to glucose [9] may have been stress induced, as has been reported in similar studies [29] . Indeed, NUPR1 is a stress-activated protein [3] that was first reported to be stimulated in the pancreas after the onset of experimentally induced pancreatitis [1] . Our observations are consistent with similar studies showing that proliferation is significantly increased in fibroblasts isolated from Nupr1 −/− mice [8] and that Nupr1 silencing in pancreatic cell lines in vitro is associated with increased proliferation [39] . Taken together, our results suggest that Nupr1 plays an important role as a molecular brake for beta cell expansion, tonically inhibiting beta cell proliferation by repressing expression of genes involved in regulating the late stages of the cell cycle, notably Ccna2 and Tcf19. Our demonstration that NUPR1 knockdown in human islets also enhanced TCF19 and CCNA2 mRNA expression indicates that the repressive effects of NUPR1 on these mRNAs are not confined to mouse islets, but further work is required to confirm these observations at the protein level in human beta cells. Nupr1 is widely expressed in a range of tissues [30, 40] and our studies demonstrated that global deletion of Nupr1 had profound effects on metabolic responses to high-fat feeding by protecting mice against HFD-induced weight gain, perigonadal fat accumulation, insulin resistance and glucose intolerance, all of which were evident in the wildtype littermates maintained on the HFD. However, the expected effects of the HFD to enhance fasting and glucose-stimulated insulin secretion [41, 42] were observed in both wild-type and Nupr1 −/− mice, with the HFD further increasing the already enhanced basal and glucose-stimulated insulin secretion in Nupr1 −/− mice. These observations are consistent with the effects of Nupr1 deletion to increase beta cell mass and suggest that the protective effects of Nupr1 deletion on the responses of peripheral tissues to high-fat feeding are independent of its effects on the functional beta cell mass. The precise mechanism(s) through which Nupr1 regulates peripheral metabolic responses is the subject of further study, but the protective effects of Nupr1 deletion against the deleterious effects of an HFD offers another potential therapeutic target for type 2 diabetes. In summary, the results from this study demonstrate a key role for NUPR1 in regulating glucose homeostasis through two separate mechanisms. Nupr1 deletion increases the functional beta cell mass by removing a tonic inhibition of beta cell proliferation, and it also provides protection against HFD-induced obesity, glucose intolerance and insulin resistance. Both mechanisms offer the potential for therapeutic intervention in type 2 diabetes.
